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ABSTRACT

Chao’s numerical and theoretical work on multiple quasi equilibria of the intertropical convergence zone
(ITCZ) and the origin of monsoon onset is extended to solve two additional puzzles. One is the highly nonlinear
dependence on latitude of the “‘force”” acting on the ITCZ due to the earth’s rotation, which makes the multiple
quasi equilibria of the ITCZ and monsoon onset possible. The other isthe dramatic difference in such dependence
when different cumulus parameterization schemes are used in a model. Such a difference can lead to a switch
between a single ITCZ at the equator and a double ITCZ, when a different cumulus parameterization scheme
is used. Sometimes one of the double ITCZ can diminish and only the other remains strong, but still this can
mean different latitudinal locations for the single ITCZ.

A single idea based on two off-equator attractors for the ITCZ symmetric with respect to the equator, due to
the earth’srotation, and the dependence of the strength and size of these attractors on the cumulus parameterization
scheme solves both puzzles. The origin of these rotational attractors, explained in Part |, is further discussed.
Each attractor exerts on the ITCZ aforce of simple shape in latitude; but the sum gives a shape highly varying
in latitude. Also the strength and the domain of influence of each attractor vary when change is made in the
cumulus parameterization. This gives rise to the high sensitivity of the force shape to cumulus parameterization.
Numerical results, of experiments using Goddard’s GEOS GCM, supporting this idea are presented. It is also
found that the model results are sensitive to changes outside of the cumulus parameterization. The significance

of this study to El Nifio forecast and to tropical forecast in general is discussed.

1. Introduction

Through various specially designed numerical ex-
periments with an aquaplanet general circulation model
(GCM) and theoretical arguments, in Part | of this paper
Chao (2000, hereafter C00) showed the existence of
multiple quasi equilibria of the intertropical conver-
gence zone (ITCZ). He also showed that monsoon onset
could be interpreted as an abrupt transition between the
quasi equilibria of the ITCZ. He further showed that the
origin of these quasi equilibriaisrelated to two different
typesof attraction (or, ‘‘forces” ascalled in C00) pulling
the ITCZ in opposite directions. One type of attraction
on the ITCZ is due to the earth’s rotation, which pulls
the ITCZ toward the equator or two equatorial latitudes
symmetric with respect to the equator depending on the
choice of convection scheme, and the other due to the
peak of the sea surface temperature (SST, whichisgiven
in the experiments as a Gaussian profile in latitude and
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is uniform in longitude), which pulls the ITCZ toward
a latitude just poleward of the SST peak. The strength
of the attraction due to the earth’s rotation has a highly
nonlinear dependence on the latitude and that due to the
SST peak has a linear (at least in a relative sense; see
CO00 for discussion) dependence on the latitude. Figure
1 (same as Fig. 8a of C00) shows these two types of
attraction when Manabe’s moist convective adjustment
(MCA) schemeis used in the model. Curve R (positive
means southward) is the attraction due to the earth’'s
rotation and line S (positive means northward) is the
attraction due to SST peak when the SST peak is just
south of the latitude where line S intersects the x axis.
Line S intersects curve R at three places. These are the
quasi equilibria; the outer two are stable and are the
two possiblelocationsfor the ITCZ. When the SST peak
is close to the equator, or when line S is replaced by
line S2, there is only one quasi equilibrium (point A in
Fig. 1) that is on the equator side of the SST peak. Point
A moves poleward at aslower rate, when the SST profile
is moved poleward while maintaining its Gaussian
shape. As the SST profile is moved poleward, line S
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Fic. 1. Schematic diagram showing the two forces acting on the
ITCZ when the Manabe scheme is used in the model. Curve R rep-
resents the force due to the earth’s rotation (positive means south-
ward). Line S represents the force due to the SST (positive means
northward). The SST has a Gaussian shape in latitude and is uniform
in longitude and is given in Eq. (1) of COO0.

moves poleward and (more or less) keepsits slope, quasi
equilibria B and C appear but the state remains at A.
Asthe SST peak continues to gain latitude it will come
to a point that point A disappears and the state (or the
ITCZ), being pulled by the difference between curve R
and line S, moves rapidly toward point C. Such arapid
change of latitude of the ITCZ was interpreted in COO
as monsoon onset. The shape of curve R was confirmed
by experiments; see Figs. 10 and 11 of C00 and their
associated discussions. As we will demonstrate in sec-
tion 3, Fig. 8c of CO0, the counterpart diagram when
the relaxed Arakawa—Schubert scheme (Moorthe and
Suarez 1992, hereafter RAS) is used should instead be
represented by Fig. 2. Curve R is now represented by
two curves in the lower latitude part of the Tropics and
is represented by one curve in higher latitudes.

There are two important experimental facts discov-
ered but unexplained in C00. One is the shape of curve
R, or the highly nonlinear nature of the dependence of
curve R on latitude. When MCA isused, curve R, shown
inFig. 1, risesfrom zero at the equator with the latitude,
reaches a maximum at about 8° or 9°N, drops rapidly
to near zero at about 14°N, and then again rises sharply
northward at arate much higher than that at the equator.
It is antisymmetric with respect to the equator. It isthis
highly nonlinear dependence that makes the multiple
quasi equilibria of the ITCZ and monsoon onset pos-
sible. The other unexplained fact isthe drastic difference
in the shape of curve R when different cumulus param-
eterization schemes are used (i.e., the different shape of
curve R in Figs. 1 and 2). When RAS is used, curve
R, also deduced experimentally and to be reported in
section 3, has a different structure. Because of the dif-
ferent shape of curve R (as reported in C00), when SST
is globally uniform (i.e, line S is zero), the intersects
of curve R and line S (or the x axis) give asingle ITCZ
at the equator in the case of the Manabe scheme and a
double ITCZ in the case of RAS (Fig. 1 of C00.) This
feature remains when the SST takes on a Gaussian shape
and its peak is not too strong (i.e., the slope of line S
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Fic. 2. Same as Fig. 1 but for RAS. RN and RS are the forces,
positive being southward, due to the rotational attractorsin the North-
ern and Southern Hemispheres, respectively. The thick curve R isfor
the combined forces of the two rotational attractorsinthesingle| TCZ
regime. Line S denotes the force, positive being southward, due to
the SST profile when the SST peak is at the equator.

is not too high) and is in the equatorial region. These
are very different results.

The purpose of this paper is to investigate these two
puzzles after some supplementary exposition of a few
points mentioned in COO0. The approach is the same as
in COO0, that is, theoretical arguments supported by nu-
merical experiments. The model used, an updated ver-
sion of the model used in COO, is described briefly in
section 2. The change of model version is not crucial
to this study and is made only to keep up with the model
development effort at Goddard. Our ideafor solving the
two puzzles, comments, and exposition are described in
section 3. Section 4 describes the supporting numerical
experiments. This paper is concluded with someremarks
and a brief summary in the last section.

2. Model used

The latest version of the Goddard Earth Observing
System General Circulation Model version 2 (GEOS-2
GCM) is used. A 5° latitude X 4° longitude grid size
and 20 levels are used with 4 levels below 850 mb. This
model uses the discrete dynamics of Suarez and Takacs
(1995). The RAS scheme (Moorthi and Suarez 1992) is
a main feature of the model. This scheme gives almost
identical time-mean results as the original Arakawa—
Schubert scheme at much reduced computational cost.
RAS is used in conjunction with a rain-reevaporation
scheme (Sud and Molod 1988). The large-scale moist
and dry convection remain the same as documented in
Kalnay et al. (1983). In some experiments in this work
RAS is replaced by the moist convective adjustment
scheme of Manabe et al. (1965). The boundary layer
and turbulence parameterization, alevel 2.5 second-or-
der closure model, isthat of Helfand and L abraga (1988;
1989). The longwave radiation package is that of Chou
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and Suarez (1994). The shortwave radiation package is
that of Chou (1992) and Chou and Lee (1996). The
prognostic cloud water parameterization of Del Genio
et al. (1996) is used. Sea surface temperature, sea ice,
and snow are from observations (for details see Takacs
et al. 1994.) We will use only the aquaplanet version of
this model with specified zonally uniform SST as in
CO00; thus some features of the model, such as land
surface process parameterization (Koster and Suarez
1996) and gravity wave drag parameterization (Zhou et
al. 1996), are not used.

3. Interpretation

CO00 has shown that with temporally and globally uni-
form SST and solar zenith angle the model shows a
single ITCZ at the equator when the Manabe scheme is
used and double ITCZ at 13°Sand N when RAS isused.
As explained in CO0 under such settings, if the earth’s
rotation is excluded, everywhere on the globe is the
same and there is no favored location for precipitation
and the time-mean precipitation should be uniform or
that of Benard cell-like convection. When the earth’s
rotation is included, precipitation does find favored lat-
itude due to two effects of rotation on convection. As
stated in COO, the first effect is the equivalence of ro-
tation to vertical stratification with higher rotation cor-
responding to greater vertical stratification (Veronis
1967). Here the rotation is that in the vertical direction;
that is Q) sin ¢, where Q) is the earth’s rotation rate and
¢ isthelatitude. A simple way to understand this equiv-
alence is by first noting that convection is associated
with convergence at low levels and divergence at high
levels. When one takes the time derivative of the di-
vergence equation and substitutes the time derivative of
the vorticity term by the vorticity equation, one finds
that the second time derivative of divergence isrelated
to divergence itself with a coefficient of f squared and
a negative sign, that is,

2

LA

at?
This equation, ignoring the other terms (which do not
have the f factor, assuming an f-plane situation) on the
right-hand side, has the same form as the equation that
governs a spring. Like a spring that resists any pressing
or stretching, rotation resists any convergence or di-
vergence, which has the equivalent effect of resisting
the vertical motion associated with convection (which
is associated with low-level convergence and upper-lev-
el divergence), which in turn is the same as what strat-
ification doesto convection. Thisgivesrotation an effect
equivalent to stratification. Another way to understand
this effect of rotation is to consider the frequency of
inertial-gravity waves o [from Eqg. (8.4.23) of Gill
1982],

o2 = f2 + a?N?,

)
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where f is the Coriolis parameter, « is the ratio of hor-
izontal to vertical wavenumbers, N2isthe Brunt—-Vaisaa
frequency squared, which is ga(In6)/oz in dry atmo-
sphere, and 6 isthe potential temperature. In a saturated
atmosphere N2 is gi(In6,)/0z, where 6, is the equivalent
potential temperature. The exact definition of N2 for
unsaturated atmosphere is not a concern here. Suffice
it to say that, without rotation, when N2 turns negative,
convection occurs. In the presence of rotation, when N2
is everywhere the same and turns negative, the location
where o2 turns negative first is the equator. Since f?2
can be added to a term proportional to N2 [in Eq. (1)],
it must have an equivalent effect asthe latter. Therefore,
the ITCZ favors the equator because of rotation.

The second effect of rotation is, as stated in C00, that
the boundary layer air converging toward the convective
centers picks up sensible and latent heat from the surface
and this energy intake is increased by inflow’s taking a
longer inward-spiraling path with higher speed (due to
the azimuthal wind component) when earth’s rotation,
or the Coriolisforce, is present. Thus this second effect
favors the Poles for convection to occur. The compro-
mise of the two effects favors locations at about 13°N
and S for the aguaplanet condition when RAS is used,
as determined by experiments in CO0 (COO reported
17°N and S, but longer integration shows 13°N and S).
These locations can vary when the design of cumulus
parameterization, boundary layer parameterization, or
other aspects of the model is changed. As reported in
CO00 one of the double ITCZ may disappear and only a
single ITCZ about 13° away from the equator remains.
When MCA is used, as shown in Fig. 1 of C0O0 only a
single ITCZ appears at the equator. This will be dis-
cussed shortly. There are also rainbands at 30°N and S
and higher latitudes when MCA is used. A possible
cause of these rainbands is the baroclinic instability, but
this requires further investigation and is not dealt with
in this paper.

Figure 1, same as Fig. 8a of C00, gives a good de-
scription of the two types of attraction onthe ITCZ, due
to Earth’s rotation and SST peak, when MCA is used.
However, Fig. 8c of C00, which described the situation
when RAS is used, should be modified, since it does
not describe the equatorial ITCZ period in Fig. 7 (late
August to early October) or Fig. 12 of C00 well. We
have repeated the experiment corresponding to Fig. 12
of CO0 using the current version of the model. There
are some minor changes in this new experiment that do
not make any significant differences. The solar angle is
fixed for an equinox condition. A condition that the
boundary layer relative humidity exceeds 90% before
cumulus convection is alowed is added. The model is
run for 100 days with the SST peak at the equator before
the SST profile, keeping its Gaussian shape, is moved
linearly in time such that the peak SST is moved from
the equator to 30°N in 276 days. The resulting zonally
averaged precipitation as a function of time is shown
in Fig. 3a. The linear line indicates the location of the
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Fic. 3. Zonal-averaged precipitation (mm day—*) as a function of time in an experiment using RAS and the SST profile, keeping its
Gaussian shape, is moved (a) poleward and (b) equatorward. The straight line indicates the location of the SST peak. The time axis in (b)
has been reversed.

SST peak. Shortly after the SST peak moves away from moves farther north at a much higher speed. It then
the equator, the southern ITCZ becomes more intense  merges with the northern ITCZ. After that the single
than the northern one (the reason for it isunknown) and ITCZ gains in intensity and moves northward at a very
both move northward at roughly the speed of the SST slow speed. Thus, there are two quasi equilibria, one
peak. The southern ITCZ, after crossing the equator, hasdouble I TCZ and the other asingle I TCZ. The global
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FiG. 4. The globally averaged precipitation as a function of time for the experiments described in Fig. 3. The solid line corresponds to
Fig. 3a and the dashed line to Fig. 3b.

mean precipitation (Fig. 4) shows an increase of about
10% after the double ITCZ merge. Another identical
experiment with the SST changed in a reversed direc-
tion, that is, the SST peak is moved from 30°N to the
equator, was aso conducted (Fig. 3b). In the period
when the SST peak is between 10° and 15°N the two
experiments give different results. This is the experi-
mental evidence that multiple quasi equilibria exist
when RAS is used. These results can be summarized by
Fig. 2 (replacing Fig. 8c of C00). In Fig. 2 the straight
lines represent the attraction force due to the SST pro-
file, positive means northward. The thin curves repre-
sent the attraction due to the earth’s rotation of two
individual ITCZs in the double ITCZ regime and the
thick curves represents the attraction due to the earth’s
rotation in the single ITCZ regime or it can be consid-
ered asthetotal attraction dueto thetwo rotational ITCZ
attractors. The centers of these two rotational ITCZ at-
tractors are not identified in these experiments. Al-
though their location is clearly seen in Fig. 1 of C00
where the SST is uniform, their locations may have
changed due to the introduction of SST profile. Thus,
the change from Fig. 8c of C00 to Fig. 2 has two com-
ponents. First the peak attraction is now located much
closer to the equator (but does not cross the equator).
Second, the two attractors have to be treated separately
until the SST peak is more than 10°-15° away from the
equator.

In our investigation we have pointed out the fact that
there are two types of attraction acting on the ITCZ;
one due to the SST peak and the other (which can be
a double attractor when RAS is used) the earth’s rota-
tion. The two types of attraction are assumed to add up
to the net attraction. This additive assumption deserves
some discussion. As stated in COO, if one were to do
an analytic study of the net attraction (or the net force)
on the ITCZ of an aquaplanet with zonally uniform SST,
one would proceed to derive the governing equation of
the latitudinal location of the ITCZ. This equation has
the form of second time derivative of the latitudinal
location of the peak of the ITCZ equal to an expression
that reduces to curve R when the SST is uniform and
to curve S when the Coriolis force is set to zero. If the
expression contains two separate terms representing
curve R and curve S, then our additive assumption is
exactly right. On the other hand if the expression cannot
be separated into two such terms, then the assumption
is at best only approximate. We do not know at this
time which of these two possibilities is the correct one.
However judging from the fact that under this assump-
tion our investigation has gone successfully (mainly be-
cause we have used the concept embedded in Fig. 1
only in a qualitative way), we can conclude that this
assumption is at least approximately correct. This dis-
cussion, of course, points out the desirability of an an-
alytic study of the ITCZ attractors.
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Fic. 5. The schematic shape of the attracting force due to an ITCZ
attractor. The force (positive means southward) is zero at the center
of the attractor and increases sinusoidally away from the center and
falls exponentially after reaching a peak. The dashed line is used to
remind that the force is not antisymmetric with respect to the center.

Now we are ready to deal with the two puzzles of
how to explain Fig. 8a of CQO0 (or Fig. 1) and Fig. 2
(the replacement for Fig. 8c of C00) and why the choice
of cumulus parameterization schemes can make so much
of a difference. We can consider the locations of 13°N
and S as the centers of two attractors pulling on the
ITCZ due to the earth’s rotation when the SST and the
solar angle are uniform (which we name the rotational
ITCZ attractors). The attraction (or the force as ex-
plained in CO0) due to each attractor on the ITCZ is
shown in Fig. 5 with positive values being southward.
The force (or attraction) is zero at the center of the
attractor and has different signs on the two sides of the
center. The magnitude of the force reaches a peak at
some distance away and then falls at greater distance.
The rise of the force from zero at the center of the
attractor is assumed to be of sinusoidal type and the fall
at greater distance is assumed to be of exponential type.
These are reasonable assumptions, in the sense that de-
ductions based on these assumptions fit experimental
results. Theoretically, these assumptions are reasonable
because the force, due to the finite size of the attractors,
has to diminish at greater distance. Although we can
say that the scale of the attractors (or, the latitudinal
distance from the center of the attractor to where the
force is the largest) has something to do with the vigor
of convection, exactly what determines it still awaits
more theoretical work.

If the attractors become stronger and wider or if the
centers of the attractors move closer to the equator (say,
when a different cumulus parameterization scheme is
used, when some parameters in the scheme are tuned,
or when some features in the model outside of the cu-
mulus parameterization scheme are changed), the force
peak location can be moved to the other side of the
equator. The situation can change to give curve R a
shape shown in Fig. 1, which has a stable quasi equi-
librium at the equator. Figure 6 shows such a combi-
nation. In other words, the two rotational ITCZ attrac-
tors away from the equator merge into one centered over
the equator. In Fig. 6 the slope of curve R at the equator
is the same as the slope of the force at the equator due
to either attractor. The latter is smaller than the slope
of the force at the center of either attractor. Due to the
rapid decline of the force due to the 13°S attractor south
of 13°N, at 13°N the slope of curve R is almost the
same as that of the 13°N force at its center. This is
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FiG. 6. The combination, R, of two rotational ITCZ attractors, RN
and RS, with large domain of influence.

consistent with the experimental fact that the rise of
curve R north of 13°N is greater than its rise at the
equator. The sum of the two forces after reaching a peak
around 7°N drops quickly poleward to give curve R a
shape like what is shown in Fig. 1. Numerical experi-
ment results will be presented in the next section to
support this idea.

4. Supporting numerical experiments

According to the idea in the preceding section, it is
possible to make changesin a cumulus parameterization
scheme and obtain a change in the experimental out-
come from one depicted by Fig. 2 to another depicted
by Fig. 1 or vice versa. This will result in a change in
the stable quasi equilibria, or a change between double
ITCZ (or asingle ITCZ away from the equator) and a
single ITCZ at the equator. We will make a change in
RAS, which is an addition of a condition to be met
before cumulus convection is allowed to occur. The con-
dition is that the boundary layer relative humidity has
to be greater than a critical value, r.. This condition
was used by Wang and Schlesinger (1999) in a GCM
to improve the simulation of the Madden—Julian oscil-
lation. We found it also useful for our present purpose.
Raising r. gives amore intense I TCZ (because cumulus
convection becomes harder to occur, and when it does
occur it is more intense) and the rotational attractors
become stronger and their force peaks (in absolute val-
ue) can cross the equator (starting from curve RS or RN
in Fig. 2). The shape of curve R can change from that
of Fig. 2 to that of Fig. 1 and correspondingly the two
off-equator stable ITCZ quasi equilibria change to one
at the equator.

Figure 7 shows the zonal mean precipitation averaged
over the last 100 days of three 455-day experiments
using RAS with uniform SST of 29°C with r_ equal to
0%, 90%, and 95%. The initial conditions are the same
as those in COO and the solar angle is the globally av-
eraged value. In the first two experiments the curve R
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FiG. 7. Zonal mean precipitation (mm day—*) averaged over the last 100 days of three 455-day
experiments with uniform SST of 29°C and with the condition of boundary layer relative humidity
being greater than 0% (solid), 90% (long dash), and 95% (short dash) imposed on RAS.
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has the shape of Fig. 2 and the third experiment curve
R has the shape of Fig. 1. Figure 8 shows the ITCZ
location of an experiment with uniform SST of 29°C
where RAS is used and r is increased from 90% to

vc5.9a20/(R.90

95% linearly in 100 days after a period of 200 days
with r, = 90%. The ITCZ that starts out being away
from the equator switchesto the equator in ashort period
of 30 days. Figure 9 is an identical experiment except
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W WU gy v v L VW

80N 60 o
Y " O*’O
(>
|

. X Cf
60N f@ '

40N 1

20N 1

EQ

20S 1

40S

60S 1

80S 1 : : o

TN N

DU

T A,

ML i TN

%&»

WJ l

-

) OOW",‘;

0& P
oA‘*k:i"jA
‘*:c

oo~\4

e >
tﬂDO oc3Q>. o s e

A AA M AL ARl

90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350

DAYS

Fic. 8. Zonal mean precipitation (mm day—*) of an experiment with uniform SST and solar angle using RAS and r, is increased from
90% to 95% linearly in 100 days after a period of 200 days with r, = 90%. Here r. is the critical relative humidity value above which

cumulus convection is allowed.
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Fic. 9. Identical to Fig. 8 except the values of r, = 90% and 95% are switched.

the r, values of 90% and 95% are switched. The ITCZ
that starts out at the equator switches away from the
equator; the switch in this case is much faster, almost
instantaneous around day 250. The equatoria ITCZ re-
gimein Figs. 8 and 9 shows occasional split into double
ITCZ structure (e.g., day 112-160 in Fig. 9). However
this structure, in which the ITCZsare only 6° or 7° away
from the equator, is distinctly different from the ITCZ
in the other regime (of r, = 90%) where the ITCZ is
13° away from the equator and exists in only one hemi-
sphere. In the equatorial ITCZ regime there are also
weaker rainbands located at 19°-23° in both hemi-
spheres, which oscillate in time with an intraseasonal
periodicity (which are reflected in the dash line in Fig.
7) and are weaker when the I TCZ at the equator becomes
stronger. Although the reason for such a flow regime
remains to be investigated, this result reveals the com-
plexity and richness of the interaction between convec-
tion and large-scale circulations and the need for further
refinement of our theory. The framework of this re-
finement is that the rotational ITCZ attractors we pro-
posed should be considered as quasi equilibria (as stated
in CO0) instead of fixed point attractors. Thus there can
be small oscillation in time of the location, strength, and
shape of the attractors and it is these small oscillations
that give rise to a variety of complex flow patterns.
The shape of curve R is revealed, as in Fig. 10 of
CO00, by specifying the SST as a Gaussian profile as
given by Eqg. (1) in C00 and moving the SST profile
slowly poleward (the peak of the SST, after being fixed
at the equator for 100 days, moves from the equator to
30°N linearly in 276 days) for both 90% and 95% cases.

Figures 10 and 11 (using a globally uniform solar angle
equal to the global mean solar angle) show these results
and reveal the shape of curve R in the two cases to be
those of curve R in Figs. 1 and 2 (Figs. 12 and 10 being
similar to Figs. 12 and 10 of CO0O respectively). Thus
besides the confirmation that RAS can be modified to
give both shapes of curve R, we have made the addi-
tional discovery that the switch between the two shapes
is a critical phenomenon.

Curve R, when RAS is used, can also be changed by
removing surface friction. When the surface friction is
removed, the boundary layer inflow direction becomes
closer to the isobaric contours and the inflow takes a
longer path than in the case with surface friction. Asa
result the second effect of rotation discussed in section
3 becomes larger and the locations of the rotational
ITCZ attractors become farther away from the equator.
An experiment using RAS with uniform SST and with-
out surface friction shows such aresult (Fig. 12). Figure
12 also shows the results of increasing surface friction
by a factor of three. The southern ITCZ moves closer
to the equator as expected, but the northern ITCZ moves
away. The reason is not clear. Because the locations of
the rotational I TCZ attractors (Fig. 2) are pushed farther
away from the equator, when the surface friction is re-
moved, when the Gaussian SST profile with a peak at
the equator isintroduced only asingle ITCZ at the equa-
tor is obtained. The dashed line in Fig. 13 shows such
results, which is in contrast with the case with surface
friction (solid line in Fig. 13), which shows a double
ITCZ.

The experience with removing surface friction in the
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R.90 + MAX SST (EQ —>30°N): Precipitation
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Fic. 10. Zonal mean precipitation (mm day~') in an experiment where the SST takes on a Gaussian profile and the profile is moved

northward such that the SST peak moves from the equator to 30°N in 276 days. Here r. is 90%.

RAS case suggests the possibility that the single ITCZ  SST of 29°C and without surface friction was conducted.
over the equator in the experiments using MCA can be The result (Fig. 14) still remains as a single ITCZ at
transformed into a double ITCZ or asingle ITCZ away the equator. However, the single ITCZ is much broader
from the equator by removing surface friction. Thusan inlatitudina direction (and isoccasionally splitinto two
experiment of 400 days long using MCA with uniform  with peaksvery close to the equator). Thisindicatesthat
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Fic. 11. Same as Fig. 10 but r is 95%.
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w/ 3.0&1.0&0.0+sfc friction + R.00 + Uniform SST (355-455 days): Precip.
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Fic. 12. Time- and zonal mean precipitation (mm day-*) for experiments using RAS with no
surface friction (long dash), with no change in surface friction (solid), and with a factor of three
multiplied to the surface friction coefficient (short dash).

the slope of curve R at the equator has become smaller.
And this smaller slope is consistent with the moving
apart of the two attractors. In Fig. 6 it is obvious that
the slope of R at the equator is the same of the slope
of either RSor RN at the equator and if the two attractors
are moved apart the slope of R at the equator becomes
smaller, which gives aless sharp ITCZ over the equator.
Other attempts to obtain a double ITCZ using MCA,
such as changing critical relative humidity for convec-

tion to start, changing the Coriolis parameter, and chang-
ing radiative cooling rates, were also not successful.

5. Remarks and summary

Although we have demonstrated that with RAS the
shape of the rotational ITCZ attractor force can be
changed by tuning r, and surface friction, other sensitive
parameters in RAS need to be explored. How these pa-

w/&w/o sfc friction + MAX SST at EQ (355—455 days): Precip.
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Precipitation
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Fic. 13. Latitudinal distribution of time-zonal mean precipitation (mm day ) of RAS exper-
iments with Gaussian SST latitudinal profile centered over the equator with (solid line) and

without (dash line) surface friction.
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FiG. 14. Latitudinal distribution of time—zonal mean precipitation (mm day ) of MCA
experiments with (solid) and without (dash line) surface friction. The SST is globally uniform.

rameters change RAS is an interesting topic. Why the
attractors are wider in the case of MCA than in case of
the RAS is also a question that should be investigated
in the future. This may be related to the more vigorous
precipitation rate in association with the individual con-
vective cells when MCA is used, an indication that the
condition for convective onset is more stringent with
MCA. The eventual solution of this question involves
the understanding of the interaction between cumulus
heating due to a convection scheme and the large-scale
circulation. This interaction involves the Coriolis force.
This situation points to the need of an analytic study of
the attractor force. Unfortunately such a study requires
an analytic formula for cumulus parameterization,
among other things, which is presently unavailable. The
use of the so-called wave-CISK (conditional instability
of the second kind) heating formula is not advisable
(Chao and Deng 1997).

There are still more aspectsto explain. When adouble
ITCZ is alowed, sometimes both ITCZs appear but at
other times only one ITCZ occurs. What decides the
choice between the two possibilities is an interesting
guestion. When both I TCZs appear, one is stronger than
the other. In Fig. 3a, when the SST peak is close to the
equator the southern ITCZ is stronger than the northern
one. Thisis another puzzle. Also in both Fig. 1 and Fig.
2 the slope of curve R has a sharp increase poleward
of 17°N.

Whether a model gives a single or double ITCZ or
whether a single ITCZ is located at or away from the
equator has a decisive impact on the equatorial surface
winds, which are crucial in the forecast of El Nifio with
a coupled model. Our investigation has shown the crit-
ical importance of the cumulus parameterizationin sim-

ulating ITCZ and monsoon onset; therefore the impor-
tance of the cumulus parameterization to El Nifio fore-
cast or to tropical forecast in genera is made more
obvious through this study. The experiment we did with
changing the boundary layer relative humidity required
for convection with RAS is but one example of how to
modify the cumulus parameterization scheme. A clear
direction for future research is to explore other ways,
perhaps more physically meaningful ones, to improve
the performance of the cumulus parameterization
scheme. We must also point out that changing cumulus
parameterization is not the only way to induce change
between single and double ITCZ or change in the lo-
cation of asingle ITCZ; changing other parts of amodel
can have the same effect. [For example, Sumi (1992)
found that increasing horizontal resolution can change
a single ITCZ along the equator into a double ITCZ
straddling the equator.] However, it does appear that
changes in cumulus parameterization scheme are more
effective and more reasonable in inducing changes in
ITCZ. The impact of modifying boundary layer param-
eterization in the context of tropical forecast is another
worthy direction. The effect of cloud—radiation inter-
action on the ITCZ and monsoon onset, though ap-
pearing to be relatively minor, needs to be assessed.
In summary thisinvestigation has solved two puzzles
encountered in COO; that is, the highly nonlinear de-
pendence of the attraction onthe ITCZ dueto theearth’'s
rotation and the high sensitivity of such dependence to
the cumulus parameterization scheme used in the model.
A single idea based on two off-equator attractorsfor the
ITCZ due to the earth’s rotation (the rotational ITCZ
attractors) and the dependence of the strength and shape
of these attractors on the cumulus parameterization
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scheme solves both puzzles. It is found that although
the attracting force of each attractor may exhibit very
simple structure, the combination of the two gives a
sum highly varying in latitude and is highly varying
when the cumulus parameterization scheme is modified
or replaced. With the resolution of these two puzzles
our interpretation for the origin of monsoon onset be-
comes more complete, though there are still some re-
maining questions. Through the circulation field asso-
ciated with the ITCZ and the role of cumulus param-
eterization scheme in determining the location of the
ITCZ, this study shows why a good cumulus parame-
terization scheme is crucia for a successful El Nifio
forecast and for a tropical forecast in general.
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